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Abstract.
In order to evaluate qualitatively the space-time evolution of hot and dense nuclear
matter the underlying equation of state and transport coefficients must be known.
In this study a specific equation of state is studied: the pion gas. The classical or
standard transport coefficients, namely the bulk viscosity, shear viscosity and thermal
conductivity are divided by the relaxation times for the corresponding dissipative fluxes
and then studied as a function of mass to temperature ratio.
1. Introduction
In the heavy-ion experiments such as those at the Relativistic Heavy Ion Collider (RHIC)
and the Large Hadron Collider (LHC) a hot and dense matter is created. The dynamical
evolution of such matter proceeds through stages consisting of both sub-hadronic (quarks
and gluons) and hadronic (mesons and baryons) degrees of freedom. A knowledge of
the equation of state and transport coefficients or relaxation times of various dissipative
processes is essential for a complete description. For the matter produced at RHIC
and LHC one would like to extract the equation of state and the transport coefficients
(and/or the associated time/length scales) for a given model of the interacting matter.
Then one can study the sensitivity of the space-time evolution of the system and the
calculated distributions of the hadrons to the equation of state and to the dissipative,
non-equilibrium processes. In the end one compare the predicted distributions with
those observed in experiments.
The hot and dense relativistic nuclear matter can appear in the form of hadronic
matter or quark matter. While the hot matter might have existed in the early universe
the dense matter is supposed to be found in the interior of neutron stars. The hot and
dense nuclear matter is created in the relativistic heavy ion collisions such as those at
RHIC and those at LHC. When the space-time evolution of hot and dense matter is
described by dissipative, non-equilibrium fluid dynamics as is done in [1, 2, 3, 4, 5, 6]
knowledge of the equation of state and transport coefficients is essential.
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While the equation of state of the relativistic nuclear matter relates the
state variables the transport coefficients determine the strength of deviations from
equilibrium. The transport coefficients govern the dynamics of relaxation of the matter
towards equilibrium state.
Transport processes play an important role in the burning of neutron star into a
strange strange quark matter as described in [7]. When a neutron at the phase boundary
enters the quark matter, the quarks become deconfined into a u and two d quarks. The
d quarks are transported into the burning region where they are converted to s quarks.
The s quarks are then transported to the phase boundary or the burning front. The
d and s quarks diffuse through each other and the u quarks. This generate flows of
different quark flavors relative to each other. The burning drives the diffusion which
which is balanced by friction due to collisions. In the hadronic mixtures as discussed
in [8] transport properties plays an important role in determining the relaxation times
for different components. The viscosities and thermal conductivities in fluid mixtures,
e.g., pion-kaon piK or quark-gluon qg mixture, should be larger than those in single
component fluids, e.g, pipi, qq or gg. In the mixture the diffusion coefficients depend not
only on the total density but also on the concentrations.
2. The equation of state of hot and dense nuclear matter
The equation of state of relativistic nuclear matter is not that well known. The
equation of state for hadronic matter is often approximated by an equation of state
of free resonance gas. The hadronic equation of state is also affected by the in-medium
modifications. The equation of state of quark matter is obtained from lattice QCD.
In this work the equation of state is taken to be that of resonance gas of pions only.
The energy density, number density and pressure are respectively given by
ε(T, µ) =
∑
k
gk
∫
d3p
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, (1)
n(T, µ) =
∑
k
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3Ek
1
e
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, (3)
where gk is a degeneracy factor. In these calculations the pion chemical potential µ
is fixed to zero. In Fig. 1 we show the equation of state, i.e., the energy density and
pressure as functions of temperature. In the next section we will show that the ratios of
the standard transport coefficients to their corresponding relaxation times is governed
by the equation of state. This has a consequence that the theory that gives the equation
of state should also be able to yield the transport coefficients if one wishes to calculate
the two self-consistently.
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Figure 1. The eaution of state: energy density and pressure as functions of
temperature for pure pionic matter.
3. Transport coefficients of hot and dense nuclear matter
The transport coefficients are generally calculated using the relativistic kinetic theory
and thereby imply the knowledge of a collision term. The relaxation times are considered
to be given by more sophisticated theory or evaluated roughly, so that we compare the
standard transport coefficients ( thermal conductivity κ, bulk viscosity ζ and shear
viscosity η) divided by their associated relaxation times (these are the relaxation times
for the heat flux τq, for the bulk viscous pressure τΠ and for the shear viscous pressure
τpi). For the thermal conductivity we will use λ = κT which is the quantity that enters
the dissipative fluid dynamic equations [5]. Thus we will consider the ratios λ/τq, ζ/τΠ
and η/τpi. For the sake of brevity, only the calculations performed for pure pionic matter
are presented in the results. From Ref. [9] the ratios of transport coefficients to their
associated relaxation times are related to the βA by
ζ
τΠ
=
1
β0
, (4)
λ
τq
=
κT
τq
=
1
β1
, (5)
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2η
τpi
=
1
β2
, (6)
The second order coefficients, i.e., β0(ε, n), β1(ε, n) and β2(ε, n) are given by the equation
of state. They are all positive and they make the second order theories of relativistic
fluid dynamics causal [5]. They are presented in detail in Ref. [9]. Thus the ratios of the
transport coefficients to relaxation times should be governed by the equation of state.
In Fig. 2 we show the transport coefficients divided by their respective relaxation
times, i.e., λ/τq, ζ/τΠ and η/τpi.
1
 z = m/T
10-4
10-3
10-2
10-1
100
T
ra
n
sp
o
rt
 C
o
ef
fi
ci
en
ts
  
 [f
m
-
3
] ζ/τΠ x10
3
λ/τq
η/τ
pi
Figure 2. Transport coefficients ζ/τΠ, λ/τq, η/τpi, as functions of the ”temperature
parameter” z = m/T for pure pionic matter.
The bulk viscosity of the pionic matter is very small. In Fig. 2 it is magnified
one thousand times in order to compare its temperature dependence with the other
two coefficients. The thermal conductivity times temperature, i.e., λ is comparable to
the shear viscosity. Since the transport coefficients of the pionic matter increases with
temperature and the relaxation times decreases with temperature [8, 10] one would
expect the ratio of these transport coefficients to their associated relaxation times to
increase with rising temperature. The βA are inversely proportional to the pressure.
The ratios of the transport coefficients to their associated relaxation times are inversely
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proportional to the βA and thus directly proportional to the pressure. Hence like the
pressure the ratios of the transport coefficients to their associated relaxation times
increases with temperature.
4. Conclusions and outlook
A specific model has to be chosen to describe the space-time evolution of relativistic
nuclear matter. Using relativistic dissipative fluid dynamics necessitates the knowledge
of the underlying equation of state and the transport coefficients or relaxation times
for dissipative fluxes. It has been shown that the model/theory that gives the equation
of state of the system under consideration should be the same that gives the transport
coefficients of the system for consistency. In our calculations we considered a pipi system.
It is clear from this simple study that the transport coefficients are as important as the
equation of state.
In this work we focused on the three standard transport coefficients, namely the
thermal conductivity, the bulk viscosity and the shear viscosity. This is relevant in
the present case study of a single component system: the pipi system. When one
studies a multi-component mixtures the diffusion coefficients become important, e.g.,
flavor diffusion. In the case of flavor diffusion the particle flavors are initially separated
spatially. That is, the flavor chemical potential depends on position. The flavor will
be flowing with an associated flow velocity. That is, we can define a drift velocity for
each component of the mixture independently of the four-flow velocity as a whole. For
example in a pion-kaon piK mixture the kaons will flow with a certain velocity and they
will drift through the pions. In the case of a mixture of more than two components
the calculations become complex and one might resort to microscopic transport models
[10, 11].
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